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1. Introduction

Due to climate change effects from carbon dioxide emissions
from traditional fossil-based energy sources, the interest in
renewable energy sources has increased over the past decades.
The cost for wind power and solar cells has significantly
decreased during recent years and today the cost is close to,
or in some cases lower than, the cost for conventional fossil-
based energy sources. However, to be able to replace fossil-based
power plants, energy storage is needed, since the electricity from
wind power and solar cells depends on the weather conditions
and the time of the day. Large-scale electricity storage can be
based on a range of different techniques[1–3] such as
Li-ion batteries,[1–3] Na-ion batteries,[4,5] redox flow batteries,[6]

supercapacitors,[7,8] flywheel energy storage,[9] pumped
hydropower,[1–3] or in storage based on hydrogen from water

electrolysis.[10] In a rather different type
of energy storage system, energy is stored
as latent heat by melting silicon, and then
photovoltaic cells are used to convert the
light emitted from the hot silicon to elec-
tricity.[11,12] The energy related to the phase
change from the melted phase to crystalline
silicon can then be utilized.

Another related type of electricity storage
based on conversion between electricity,
light, and heat, has also been suggested.[13]

In that case, electricity runs through a
heating element, which is heated (by
Joule heating) and therefore emits light.
The light emitted from the heating element
is absorbed by an energy storage material,
which therefore also heats up, during
charging. The energy storage material will

emit light, due to the high temperature, and the light may be con-
verted back to electricity by photovoltaics when needed, see
Figure 1. In this type of energy storage system, photons are used
to heat the energy storage material from rather low temperatures
to high temperatures and due to the heat capacity of the material,
large amounts of energy can be stored. This type of energy storage
can therefore have a high energy density, similar or even higher
than Li-ion batteries.[13] Since energy storage is based on conver-
sion between electricity and photons, this type of battery may be
called a “photon battery,”[13] or “photon glow battery” due to the
glow of the hot energy storage material.

The energy storage material in this type of battery can be made
of a range of different materials, and it is therefore suggested that
cheap and abundant energy storage materials can result in very
low-cost and large-scale batteries.[13] For example, different
oxides are stable at high temperatures, such as Al2O3, MgO,
SiO2, and ZrO2, or mixes of these oxides, which are also com-
monly used in high-temperature ovens as “firebricks,” can be
used as energy storage materials and may have very low cost.
However, in the conversion of the emitted radiation from the
hot energy storage material back to electricity, there may be large
losses.

In this work, we specifically investigate the possibility to
use a combination of a quantum dot (QD)-based photovoltaic cell
and a perovskite-based photovoltaic cell, to convert a broad
range of wavelengths of photons emitted from the energy storage
material to electricity with high conversion efficiency. The pho-
tovoltaic response and the electrical power output are measured
for simulated spectra of two different temperatures of the
energy storage material. The energy conversion results from a
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Renewable energy sources, such as wind and solar power, are increasingly
important today to reduce emissions from fossil-based energy sources. However,
the electricity from wind and solar power varies over time and depends on
weather conditions and the time of the day. Therefore, to include a large fraction
of electricity from these energy sources in the electricity grid, large-scale and
low-cost energy storage is needed. Herein, it is investigated how a combination of
quantum dot based photovoltaic cells and perovskite-based photovoltaic cells can
be used to increase the energy conversion efficiency and increase the working
range of energy storage devices based on conversion between heat, light, and
electricity. The results show that these new types of photovoltaic materials have
very promising properties for efficient utilization in energy storage devices, which
have the potential for large-scale and low-cost energy storage.
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single QD photovoltaic cell and the combination of a QD and a
perovskite photovoltaic cell in a tandem structure are also
compared.

2. Results and Discussion

To evaluate the conversion from photons to electricity, light with
spectra similar to black-body radiation is used. Figure 2 shows
the black-body radiation spectra for temperatures of 1000 and
2000 °C.

In Figure 2, it can be seen that the black-body radiation spec-
trum for materials at a temperature around 1000–2000 °C is very
broad, and extends far into the infrared region. The black-body
radiation for a material at 1000 °C contains mainly infrared radi-
ation, and there is a very small intensity in the visible region. To
be able to convert this light to electricity, the photovoltaic cell
needs to absorb at least part of the infrared radiation.

Previously, it has been shown that photovoltaics can be used
for the conversion of light emitted from hot objects, usually

heated by fuel combustion.[14] By combustion of the fuel, a light
emitter in those devices is heated to high temperatures, and
therefore emits light, which is converted to electricity by a pho-
tovoltaic device. These so-called thermophotovoltaic (TPV) devi-
ces have been used as, for example, portable energy sources or
even tested in cars. Usually, the efficiency from the energy of the
fuel to electricity produced was not very high, and it has not yet
been commercially successful.[14] Large heat losses in the heating
of the light emitter by the burning fuel made the efficiency low,
and the photovoltaic devices converting infrared light emission
were very expensive.

To convert the near-infrared light emitted from the hot energy
storage material, we in this work utilize a QD-based photovoltaic
cell. QD-based solar cells have been developed during the past
decades,[15–19] and solar power conversion efficiency of over
13% with promising stability has been achieved for PbS-based
QD solar cells with light absorption in the near-infrared
region.[19] The PbS QD solar cell absorbs partly in the infrared
region, and is therefore of special interest for utilization in the
photon glow battery. The QD photovoltaic cell in this work con-
verts light up to around 1100–1200 nm to electricity (see
Figure S1, Supporting Information), and can therefore convert
part of the infrared light to electricity. The QD photovoltaic cell
architecture is shown in Figure 3 (inset), and an approximate
energy level diagram of the different layers in the QD photovol-
taic cell is shown in Figure S2, Supporting Information.

Figure 3 shows the current–voltage measurements of a single
QD photovoltaic cell under simulated black-body radiation at
1000 and 2000 °C with light intensity 9.0 and 11.1mW cm�1,[2]

respectively. See the Experimental Section in supporting infor-
mation for a detailed description of the QD photovoltaic cell prep-
aration and the measurement setup. The architecture of the QD
photovoltaic cell is shown in the inset in Figure 3.

The power conversion efficiency of the photovoltaic cell can be
calculated by comparing the illumination power and the power
from the photovoltaic cell. However, in a photon glow battery, the
light not absorbed by the photovoltaic cell is reflected back to the

Figure 1. Schematic description of a photon glow battery. a) During charg-
ing electricity runs through a heating element, which becomes hot and
therefore emits light. b) The emitted light is absorbed by an energy storage
material, which, therefore, also becomes hot (in the figure two blocks of
energy storage material surround the heating element). c) The energy is
stored in the hot energy storage material in an insulated chamber.
d) When electricity is needed, part of the chamber insulation is moved,
so that light can reach the photovoltaic cells, in this case, a stack of a
perovskite photovoltaic cell and e) a quantum dot (QD) photovoltaic cell.
The emitted light is then converted to electricity. f ) Far infrared light, which
is not absorbed by the photovoltaic cells, is reflected back to the energy
storage material by a gold reflector.

Figure 2. Schematic of spectra for the light emitted from hot energy stor-
age material and which parts of these spectra that can be converted in
photovoltaic devices or recycled back to the energy storage material by
a reflector. The black-body light emission spectra are shown for 1000
and 2000 °C. In the figure is also indicated the spectral regions absorbed
by the perovskite photovoltaic cell and QD photovoltaic cell in this work.
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energy storage material, which also has to be considered. In
Table 1, the power conversion efficiency is calculated based
on the light emitted from the light source between 300 and
1200 nm, and the measured power obtained from the photovol-
taic cell, see Supporting Information for details. For the infrared
light beyond 1200 nm, we simply consider that most of the light
is reflected back to the energy storage material by the gold reflec-
tor. This is an approximation, since some of this long wave infra-
red light is absorbed by the materials in the photovoltaic cells, but
we consider this absorption small. In contrast, some of the light
in the range of 300–1200 nm is not absorbed by the photovoltaic
materials, especially close to 1200 nm, where the QD photovol-
taic cell absorption is not 100% (see Figures S1 and S3,
Supporting Information). This light will ideally also be reflected
back to the energy storage material by the gold reflector, but the
reflected light in this region is not included in this calculation.
Based on these approximations, we obtain a power conversion
efficiency of around 12.5% for simulated light from a 2000 °C
energy storage material, and a power conversion efficiency of
9.6% for simulated light from a 1000 °C energy storage material.

We also performed measurements of the QD photovoltaic cell
under simulated solar light (AM 1.5G 1000Wm�2), as a stan-
dard measurement of the performance of the device. The power
conversion efficiency obtained for the QD photovoltaic cell under

simulated solar light is in this case around 10%, which is reason-
able for this type of device.[18] The results are shown in Figure S4
and Table S1, Supporting Information.

For temperatures of the energy storage material around
2000 °C, the part of the light emitted in the visible region is larger
compared to for the energy storage material at 1000 °C, and these
high energy photons will have an energy which is significantly
higher than the bandgap of the QD material. If only the QD pho-
tovoltaic cell is used to convert all photons, the extra energy
exceeding the band gap of the QD material will be lost as heat
in the QD photovoltaic cell. In this work we, therefore, combine
the QD photovoltaic cell with a metal halide perovskite photovol-
taic cell, with a higher bandgap than the QD photovoltaic cell, to
efficiently convert the high-energy photons in the visible region
of the spectrum. The perovskite solar cell has been discovered
only around 10 years ago,[20–22] and has had a tremendous devel-
opment with different metal halide perovskite materials and dif-
ferent combinations of charge transport materials,[23–27] and the
solar power conversion efficiency record for perovskite solar cells
is now around 25%.[28] An important parameter is the stability of
the solar cell, and although the stability of the first perovskite
solar cells was low, more recent work shows promising improve-
ments in the device stability.[23–26] The perovskite solar cell has
previously also been combined with a silicon solar cell or a QD
solar cell to a so-called “tandem solar cell,” to increase the photo-
conversion of photons with different energy, with promising effi-
ciency and stability.[29–32] In this work we use a similar concept to
combine two photovoltaic cells (a QD photovoltaic back cell and a
semitransparent perovskite photovoltaic front cell) to efficiently
convert the photons emitted from the energy storage material to
electricity. The semitransparent perovskite photovoltaic cell con-
verts the photons in the visible region up to around 770 nm, to
electricity and the QD photovoltaic cell converts the photons in
the infrared region up to around 1100 nm (see Figure S1,
Supporting Information), to electricity.

We first present the power output from the semitransparent
perovskite photovoltaic cell without the QD photovoltaic cell.
Figure 4 shows the current–voltage measurements of a single
semitransparent perovskite photovoltaic cell under simulated
black-body radiation at 1000 and 2000 °C. See the Experimental
Section for a detailed description of the perovskite photovoltaic
cell preparation, light source, and the measurement setup.
The architecture of the perovskite photovoltaic cell is shown
in the inset in Figure 4.

Using the same approximations in the calculation of the power
conversion efficiency of the MAPbI3 perovskite-based solar cells
as for the QD photovoltaic cell, we obtain a power conversion
efficiency of around 23% for simulated light from a 2000 °C
hot energy storage material, and a power conversion efficiency
of 8.2% for simulated light from a 1000 °C hot energy storage
material. It is clear that for the light emitted at higher tempera-
ture (2000 °C), a larger portion of the emitted radiation is in the
visible range and the photocurrent from the photovoltaic cell is
therefore higher. It should be noted that in the calculated con-
version efficiency we assume that light with a wavelength above
1200 nm is reflected back to the energy storage material, and
therefore not lost from the system (the same assumptions as
for the QD photovoltaic energy conversion efficiency above).

Table 1. Photovoltaic parameters for quantum dot (QD) photovoltaic cell
in simulated black-body radiation up to 1200 nm.

Photovoltaic
cell

Black-body
temperature

Power
[mW cm�2]

Voc
[V]

Jsc
[mA cm�2]

FF PCE
[%]

PbS QD 1000 °C 0.87 0.50 2.82 0.62 9.6

PbS QD 2000 °C 1.39 0.52 4.28 0.63 12.5

Figure 3. Current–voltage measurements of a PbS QD-based photovoltaic
cell under illumination with simulated black-body radiation for 1000 and
2000 °C hot energy storage materials with light intensity 9.0 and
11.1mW cm�2, respectively. The inset shows the architecture of the
photovoltaic cell.
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We also performed measurements of the semitransparent
perovskite photovoltaic cell under simulated solar light (AM
1.5G 1000Wm�2), as a standard measurement of the perfor-
mance of the device. The power conversion efficiency obtained
for the semitransparent perovskite photovoltaic cell under simu-
lated solar light is in this case around 17%, which is reasonable
for this type of semitransparent device.[32] The results are shown
in Figure S5 and Table S2, Supporting Information.

To measure the photoconversion efficiency for a combination
of perovskite and a QD photovoltaic cell in a 4-terminal configu-
ration, the perovskite photovoltaic cell is placed in front of the
QD photovoltaic cell (see schematic in Figure 1), so that high-
energy photons first are absorbed in the perovskite photovoltaic
cell and lower energy photons are absorbed by the QD photovol-
taic cell (the transmittance of light through the semitransparent
perovskite photovoltaic cell is shown in Figure S6, Supporting
Information). Figure 5 shows the current–voltage measurements
of a QD photovoltaic cell behind the perovskite photovoltaic cell
under simulated black-body radiation at 1000 and 2000 °C, and
Table 3 shows the photovoltaic parameters.

We observe that the power conversion efficiency for the PbS
QD photovoltaic cell behind the perovskite photovoltaic cell
shows higher conversion efficiency for the 1000 °C spectrum
compared to for the 2000 °C spectrum. The reason for this is
the higher light intensity in the infrared region for the
1000 °C spectrum, which reaches the PbS QD photovoltaic cell
through the perovskite photovoltaic cell.

From the results of the perovskite photovoltaic cell (Table 2)
and the QD photovoltaic cell with the perovskite in front
(Table 3), we can calculate an approximate power conversion effi-
ciency for the stack (tandem cell) of the two photovoltaic cells.
Based on these numbers, we, therefore, obtain a power conver-
sion efficiency of around 11% for simulated light from a 1000 °C
hot energy storage material, and a power conversion efficiency of

around 25% for simulated light from a 2000 °C hot energy stor-
age material. The combination of perovskite and QD photovoltaic
cells, therefore, improves the conversion efficiency compared to
the single QD or perovskite devices, and higher efficiency can be
reached for both spectra for different temperatures of the energy
storage material.

These numbers can be compared to other heat to electricity
conversion devices, and the most efficient TPV devices, based
on crystalline GaSb have been reported to have optical conversion
efficiencies of around 20%–25% for conversion of the light emit-
ted from the hot emitter to the photovoltaic cell.[14] The optical
conversion efficiencies obtained in this work are, therefore,

Figure 5. Current-voltage measurements of a PbS QD-based solar cell
behind a semitransparent MAPbI3 perovskite-based photovoltaic cell,
under light illumination with simulated black-body radiation for 1000
and 2000 °C hot energy storage materials with light intensity 9.0 and
11.1mW cm�2, respectively. The inset shows how the radiation first
reaches the semitransparent perovskite photovoltaic cell, and part of
the infrared light is transmitted through the perovskite photovoltaic cell
and reaches the PbS QD photovoltaic cell.

Table 2. Photovoltaic parameters for MAPbI3 perovskite based
photovoltaic cell in simulated black-body radiation up to 1200 nm.

Photovoltaic
cell

Black-body
temperature

Power
[mW cm�2]

Voc
[V]

Jsc
[mA cm�2]

FF PCE
[%]

MAPbI3 1000 °C 0.74 0.90 1.06 0.78 8.2

MAPbI3 2000 °C 2.54 0.96 3.48 0.76 23.0

Table 3. Photovoltaic parameters for a QD-based photovoltaic cell behind
a semitransparent MAPbI3 perovskite-based photovoltaic cell in simulated
black-body radiation up to 1200 nm.

Photovoltaic
cell

Black-body
temperature

Power
[mW cm�2]

Voc
[V]

Jsc
[mA cm�2]

FF PCE
[%]

PbS QD (filtered) 1000 °C 0.22 0.45 0.79 0.63 2.5

PbS QD (filtered) 2000 °C 0.19 0.44 0.68 0.63 1.7

Figure 4. Current–voltage measurements of a semitransparent MAPbI3
perovskite-based photovoltaic cell under illumination with simulated
black-body radiation for 1000 and 2000 °C hot energy storage materials
with light intensity 9.0 and 11.1mW cm�2, respectively. The inset shows
the architecture of the photovoltaic cell.
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similar to the results obtained for crystalline GaSb photovoltaic
cells. Comparing to other technologies for conversion of heat to
electricity, the most efficient solid-state thermoelectric conver-
sion materials may show heat to electricity conversion efficien-
cies of around 15%–20%[33] and the most efficient Stirling
engines show heat to electricity conversion efficiencies of around
30%–40%.[34] The tandem photovoltaic device investigated here
may, therefore, be competitive with some of these technologies
although the Stirling engine at this point has a higher heat to
electricity conversion efficiency. It should also be noted that
the QD photovoltaic cell may be further optimized for better
absorption of infrared light by a larger size of the QDs, which
will increase the conversion of long wavelength infrared light.
In Figures S7–S10, Supporting Information, the results for a
QD photovoltaic cell with larger QDs are shown. This QD pho-
tovoltaic cell converts light with a longer wavelength up to around
1200 nm (see Figures S7 and S8, Supporting Information),
which may be beneficial for higher photocurrent generation,
especially from radiation from lower temperature energy storage.
It can be observed that a higher photocurrent can be obtained
from these larger QDs for the black-body radiation spectrum
at 1000 °C, compared to the smaller QDs (see Figures S9, S10
and Tables S3, S4, Supporting Information). However, we have
not optimized the performance of the photovoltaic cells based on
larger QDs at this point and further optimization needs to be
performed to reach higher energy conversion efficiency with
the QD photovoltaic devices, based on larger QDs, which is
out of the scope for this article. Also, the transmission of infrared
light through the perovskite cell is not perfect, and optimization
of the semitransparent gold electrode or using a different more
transparent electrode material, such as indium tin oxide (ITO),
would improve the transmission of infrared light through the
perovskite cell. Higher efficiencies and electrical power output
can, therefore, be expected for this type of device in future work.

In the complete photon glow battery, other energy losses are
also present. The loss of heat to the surrounding is one important
loss, and to limit this loss efficient heat insulation materials are
needed to surround the energy storage material. In view of the
complete photon glow battery, the efficiency for heat to electric-
ity, therefore, needs to be further improved to compete with
other technologies. Batteries have much lower thermal losses,
but on the other hand, batteries are expensive for large-scale
energy storage. Pumped hydropower is energy storage with a
low cost in combination with a rather high efficiency, however,
it can only be used in specific geographical locations.[3] Systems
based on hydrogen from electrolysis are another alternative,
which on the large scale may have a rather low cost. However,
also in this case there are large energy losses both at electrolysis
to obtain hydrogen and when using the hydrogen to produce
electricity for example in a fuel cell or in a hydrogen-fueled
turbine (around 25%–45% efficiency).[3] In comparison to
hydrogen-based electricity storage systems, this type of photon
battery may, therefore, be an interesting alternative with energy
efficiencies possibly in the same range but with less complexity.
The combination of QD solar cells and perovskite solar cells pre-
sented here is one way to try to increase the energy efficiency of
photon glow batteries and also to increase the temperature work-
ing range of such systems.

3. Conclusions

In conclusion, this work demonstrates how new types of
photovoltaic materials can be used for the conversion of light
to electricity in energy storage devices. With a QD photovoltaic
cell, around 12% and 10% conversion efficiency of heat radiation
to electricity was achieved for the 2000 and 1000 °C spectra,
respectively. For a metal halide perovskite- based photovoltaic
cell, around 23% and 8% conversion efficiency were achieved
for the 2000 and 1000 °C spectra, respectively. Combining the
perovskite and the QD photovoltaic cells, in a 4-terminal tandem
cell, �25% and 11% conversion efficiency was achieved for the
2000 and 1000 °C spectra, respectively. The results in this report,
therefore, show that the combination of QD and perovskite
photovoltaics has potential for efficient conversion of light to
electricity in photon glow batteries, which may be an important
alternative for storage of energy in future energy systems.
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